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The kinetics of two metastable polymorphs of silicon under thermal annealing was investigated. These
phases with body-centered cubic bc8 and rhombohedral r8 structures can be formed upon pressure release
from metallic silicon. In this study, these metastable polymorphs were formed by two different meth-
ods, via point loading and in a diamond anvil cell (DAC). Upon thermal annealing different transition
pathways were detected. In the point loading case, the previously reported Si-XIII formed and was con-
firmed as a new phase with an as-yet-unidentified structure. In the DAC case, bc8-Si transformed to the
hexagonal-diamond structure at elevated pressure, consistent with previous studies at ambient pressure. In
contrast, r8-Si transformed directly to diamond-cubic Si at a temperature of 255◦C. These data were used
to construct diagrams of the metastability regimes of the polymorphs formed in a DAC and may prove
useful for potential technological applications of these metastable polymorphs.

Keywords: pressure-induced transitions; metastable polymorphs; silicon; in situ annealing

1. Introduction

The high pressure behavior of the elemental semiconductor silicon has attracted wide interest
over the last 50 years and 13 different crystalline structures have been discovered.[1–10] This
extensive polymorphism is clearly of fundamental interest, but may also be of technological
interest. Namely, the significant effects of kinetic barriers in the Si system allow for the for-
mation of several polymorphs that can be metastably recovered and possess altered electronic
structures compared to the parent Si.[11,12] In particular, nanoparticles of the bc8 polymorph
have recently been predicted as highly beneficial for photovoltaics, since they are expected to
have the small band gap necessary for efficient multiple excitation generation (a new paradigm
for more efficient solar cells).[13] Hence, synthesis of this polymorph in the required nanoparticle
size and purity would be of technological interest. Similarly, improved photovoltaic properties
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2 B. Haberl et al.

have also been calculated for another of the known metastable structures, the r8 phase.[14,15]
This phase has been predicted to be a narrower band gap material with a higher carrier mobil-
ity compared to dc-Si and to have significantly improved absorption properties over the solar
spectrum.[14,15] Thus, synthesis of this polymorph in a manner that yields sufficient volume
and stability at ambient pressure and temperature is a current research focus.

Moreover, several further Si structures with potentially useful properties have been predicted,
but not yet observed experimentally. For example, two possible phases, st12 and Ibam, may be
good candidates for superconductive polymorphs of Si.[15,16] Similarly, a significant number of
possible Si structures have been calculated that may possess improved photovoltaic properties
such as a direct band gap.[17,18] Thus, the possible formation of these polymorphs makes the
exploration of the metastable regime of Si even more interesting. Finally, additional Si phases
with unidentified structures have been reported experimentally,[9,10,19] but their electronic
properties and technological potential are unknown. Hence significant interest in this metastable
regime exists, but with many remaining open questions.

The pressure-induced polymorphism of Si has been explored using the ‘traditional’ high pres-
sure tools of opposed anvil devices, namely diamond anvil cells (DACs) [5–8] and supported
taper apparati,[1,20] but also by point loading using diamond indentation tips.[9,10,21–24]
Under pressure in a DAC the standard diamond-cubic (dc)-Si (space group Fd3̄m) transforms
into a metallic phase at 11.3 GPa.[1,20] This phase exhibits the white tin (β-Sn) structure with
the space group I41/amd and is 22% more dense than dc-Si.1 Upon further compression to
13.2 GPa an orthorhombic phase with space group Imma is formed,[6] followed by the simple
hexagonal (sh) phase (space group P6/mmm) at 15.6 GPa.[25] This phase in turn transforms
into another orthorhombic structure (space group Cmca) at 38 GPa.[8] At 42 GPa, the hexago-
nal close-packed phase (space group P63/mmc) is nucleated, which remains stable until 79 GPa.
Here it transforms into the face-centered cubic phase (space group Fm3̄m). This phase persists
to 248 GPa, the highest pressure probed to date.[26] These metal–metal transitions are reversible
under standard unloading conditions, but the (β-Sn)-Si to dc-Si transition is not and instead the
metastable structures are nucleated.

Upon pressure release from (β-Sn)-Si the rhombohedral (r8) phase with space group R3̄ is
reported to form at 9 GPa.[7] As pressure is decreased, a reversible transition to the body-
centered cubic (bc8) structure with space group Ia3̄ follows at 2.8 GPa.[7] The bc8 phase has
been shown, experimentally and theoretically, to be a semimetal.[11,15] Two further tetragonal
polymorphs with unassigned atomic positions, Si-VIII (space group P41212) and Si-IX (space
group P4222), have been reported upon rapid unloading from metallic phases.[19] Interestingly,
the r8 and bc8 metastable polymorphs can also be formed through pressure release from metal-
lic Si when using point loading (i.e. indentation loading).[23,27] Raman spectroscopy confirms
that a mixture of the r8 and bc8 phases2 is present after final pressure release.[10,23,28] Elec-
trical measurements on this bc8/r8-Si mixture have recently suggested that the material created
by point loading is indeed a semiconductor, can be doped at room temperature [12] and can be
exploited for room temperature maskless electrical patterning.[29,30]

These polymorphs are not stable Si structures and heat will transform them to the dc struc-
ture. Little work has been done, however, on the thermal stability and thermal evolution of these
metastable phases. Indeed, even the pathway of the transition from bc8-Si and r8-Si to dc-Si
is not fully established and different intermediate phases have been reported as summarized
in a schematic in Figure 1. For example, at ambient pressure bc8-Si undergoes an irre-
versible transition to the lonsdaleite/hexagonal-diamond (hd) structure (space group P63/mmc)
at 200◦C.[2,4,31] This polymorph is a semiconductor similar to dc-Si.[11,15] Interestingly,
it is unknown into which phase hd-Si transforms upon compression, into another metastable
polymorph or straight into (β-Sn)-Si for example. It is known, however, that upon further anneal-
ing to ∼ 750◦C hd-Si transforms back to the stable dc-Si.[31] This is very different if the bc8/r8
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bc8-Si hd-Si dc-Si200ºC 750ºCDAC:

bc8/r8-
Si Si-XIII dc-Si200ºC 200ºC

point
loading

:

Figure 1. Schematic of the temperature-induced transition pathways at ambient pressure of bc8-Si made in a DAC and
the bc8/r8-Si made via point loading as reported in the literature.[2,4,9,10,31] (See text for further details.)

phases are made through point loading. Instead of forming the hd structure, a new intermedi-
ate structure is observed at 200◦C, the so-called Si-XIII.[9,10,32] The existence of Si-XIII is
detected from Raman spectra, but its crystal structure remains unknown. Upon further anneal-
ing at 200◦C for ∼ 1 week dc-Si is eventually regained, but it is not clear if hd-Si is formed as
an additional intermediate phase.[10] Thus, only ex situ studies at ambient pressure have been
performed on bc8-Si and r8-Si, although only in situ studies can enable the full determination of
these transition pathways and the possible identification of new phases.

Therefore, in this work the thermal evolution of pressurized bc8-Si and r8-Si and the result-
ing phases are investigated in depth. Firstly, a mixture of bc8/r8-Si made by point loading is
annealed to form Si-XIII and the transformed volume is studied using electron diffraction. Sec-
ondly, bc8-Si and r8-Si made in a DAC are annealed in situ while pressurized. In this latter
case, the evolution of these polymorphs is followed using in situ synchrotron X-ray diffraction
(XRD). Two additional DAC experiments on hd-Si and mixed bc8-Si and r8-Si were performed
to confirm metastable transition pathways. Thus, this study yields significant new insights into
the metastable regime of Si.

2. Known silicon polymorphs

In this study, several known polymorphs of Si are observed, namely dc-Si, hd-Si, bc8-Si, r8-
Si, (β-Sn)-Si and also sh-Si in addition to an unknown structure, the so-called Si-XIII. The
space groups and lattice parameters of the known structures are summarized in Table 1. Since
these phases are structurally related to each other and indeed transform into one other, many of
them exhibit overlapping d-spacings. For clarity, therefore, the lattice planes and corresponding
d-spacings are calculated after Table 1 and summarized in Table 2. Note that the calculated
d-spacings of hd-Si are given to one digit less accuracy than the others to stay consistent
with the lattice parameters given in the literature. The calculated values are the ambient con-
dition values for the dc, bc8 and hd phases, the phases known to be (meta-)stable at ambient
pressure and temperature. In the case of the metallic modifications of Si, for (β-Sn)-Si the
pressure was 13 GPa [1] and for sh-Si 19.5 GPa.[5] Finally, the pressure in the case of r8-Si
was 8.2 GPa.[7] Crystallographic databases were also consulted for confirmation and to obtain
reflection conditions.[34–37]

The Si phases observed by electron and XRD are indexed after these known values. In this
context, it is important to address the relative error of these two measurements. For electron
diffraction, the d-spacings are determined from a photographic negative and the calibration of
the electron microscope used. Since the calculated d-spacings are reciprocal to the measurement,
the error associated with this calibration is also reciprocal, that is, it increases with increasing d-
spacings. For the transmission electron microscopy (TEM) used in this study, this systematic
error comes to ±0.1 Å for d-spacings between 4 and 6 Å. In contrast, synchrotron XRD yields a
significantly higher accuracy and peak positions can be determined from peak fitting (provided
no Rietveld refinement is performed). Where required, such peak fitting with Gaussian curves is
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4 B. Haberl et al.

Table 1. The space groups and lattice parameters of the known crystal
structures of the observed Si polymorphs from [33] for dc-Si, from [1] for
(β-Sn)-Si, from [5] for sh-Si, from [2] for bc8-Si, from [4] for hd-Si and
from [7] for r8-Si.

Phase Space group Lattice parameters

dc Fd3̄m a = 5.4307 Å
(β-Sn) I41/amd a = 4.686 Å

c = 2.585 Å
sh P6/mmm a = 2.527 Å

c = 2.373 Å
bc8 Ia3̄ a = 6.636 Å
hd P63/mmc a = 3.80 Å

c = 6.28 Å
r8 R3̄ a = 5.620 Å

γ = 110.07◦

Table 2. The reflection conditions of the observed Si polymorphs calculated after the literature values summarized in
Table 1.

dc (Si-I) β-Sn (Si-II) sh (Si-V) bc8 (Si-III) hd (Si-IV) r8 (Si-XII)

hkl dcalc hkl dcalc hkl dcalc hkl dcalc hkl dcalc hkl dcalc

111 3.125 200 2.343 001 2.373 110 4.695 100 3.29 100 4.501
220 1.920 101 2.263 100 2.188 200 3.318 002 3.14 11̄1̄ 3.219
311 1.637 220 1.657 101 1.609 211 2.709 101 2.91 21̄1̄ 2.659

211 1.628 110 1.264 220a 2.346 102a 2.27 201̄ 2.638
321 1.774 110 1.90 01̄1̄ 2.579
400 1.659 103 1.77 200a 2.250

200 1.65 21̄2̄ 2.050
112 1.63 11̄2̄ 2.022

32̄1̄ 1.741
302̄ 1.735
31̄0 1.718
210 1.690
22̄2̄ 1.610

a No significant experimental X-ray intensity has been observed for these hkl and hence they were not indexed in the XRDP.

conducted here using Origin,[38] which results in a relative error of ±0.001 Å. Furthermore, it
should also be noted that the use of electrons does not yield the same information on the relative
peak intensities as X-rays do, thus preventing any Rietveld or similar refinements from being
performed in the former case.

3. Experimental details

3.1. Indentation studies

A series of point loadings was performed on single-crystal Czochralski-grown Si(100), p-doped
for a resistivity of 5–10 �cm using a so-called spherical diamond tip with ∼ 18 μm radius on
a Ultra-Micro-Indentation-System 2000. The maximum load employed was 700 mN with an
average unloading rate of ∼ 1.2 mN/s. In the case of such a spherical tip, essentially consisting
of a diamond ball, the contact area increases as the load is increased. Under the conditions used
here, the presumed formation pressure of the metallic phase of 11.3 GPa is reached at a load
of ∼ 300 mN. Through further loading a transformed zone of ∼ 10 μm diameter and ∼ 400 nm
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High Pressure Research 5

depth containing the bc8/r8-Si mixture is always formed. Note that no fracturing is observed
under these conditions. These transformed volumes were furnace annealed for 120 min at 200◦C
in a nitrogen atmosphere. For such indents, this has been shown to result in the formation of
predominantly Si-XIII.[10]

Samples of such transformed volumes were prepared for TEM. Two different geometries of
TEM sections were used. Cross-sectional TEM (XTEM) sections were prepared using an FEI
xT Nova NanoLab 200 dual-beam focused ion beam (FIB) system employing the ex situ ‘pluck-
out’ technique.[39] Since this technique allows for highly side-specific preparation of the TEM
lamella, Raman spectra of the indents to be thinned were recorded prior to FIB processing using a
Renishaw 2000 Raman imaging microscope with a HeNe laser (632.8 nm excitation line) focused
to a spot of ∼ 1 μm radius. In this geometry, the electron beam is incident on the transformed
volume perpendicular to the uniaxial pressure applied by the diamond tip. Plan-view samples
were prepared from large arrays of indents placed in the center of 3 mm diameter Si discs. The
discs were thinned to electron transparency using a Gatan dimple grinder 656 and wet etching
with HNO3:HF:CH3COOH in a ratio of 5:1:1. In this geometry, the electron beam is incident on
the transformed volume parallel to the uniaxial pressure applied.

The thinned TEM sections were imaged using a Philips CM 300 TEM operating at 300 kV.
Selected area electron diffraction patterns (SAEDPs) of the transformed regions were taken on
negatives. An aperture of ∼ 300 nm diameter was placed within the beam path to exclude the sur-
rounding matrix. This results in SAEDPs solely from the transformed volume. Note that under
these experimental conditions only a very small number of crystals are in a positive diffraction
condition and thus recorded on the SAEDP. This is due to their random orientation and rela-
tively low number in combination with the high sensitivity of electron diffraction to the exact
orientation of a crystal.

3.2. Formation of metastable polymorphs in DACs

The thermal evolution of the metastable Si polymorphs was also investigated in a DAC. These
studies were performed on single-crystal Si with the same properties as used for the point loading
studies, but ground to powder using a new and clean mortar and pestle. Samples of this powder
were placed into three different symmetrical DACs and one Boehler plate DAC.[40] All cells
used diamond anvils with 300–400 μm culets. The gaskets had initial chambers of 150–160 μm
diameter and 40–50 μm height. Rhenium was used as gasket material for the first three cells and
stainless steel for cell 4. Three different pressure media were used, 4:1 methanol–ethanol for
cell 1, neon for cells 2 and 4 (gas loading performed at GSECARS, Advanced Photon Source,
Argonne National Laboratory) and argon for cell 3 (gas loading performed with a 0.3 GPa gas
loader (Boehler), Geophysical Laboratory). Note that in these pressure regimes of interest for the
metastable Si phases, all three pressure media are expected to be essentially hydrostatic under the
conditions of this experiment.[41] A ruby ball (∼ 10–20 μm) was added in all cases for pressure
determination. Cells 1 and 2 were then equipped with High Pressure Collaborative Access Teams
(HPCAT’s) external resistive heaters [42] and a membrane for remote pressure control.

In situ powder XRD was performed at HPCAT, Advanced Photon Source, Argonne National
Laboratory using the monochromatic X-rays of an insertion-device beamline (16 ID-B). A wave-
length of 0.4072 Å (energy 30.45 keV) was used for cells 1, 3 and 4 and of 0.3738 Å (energy
33.17 keV) for cell 2. Diffraction patterns were collected with a MAR345 detector in the cases
of cells 1 and 2 and with a Pilatus 1M-F detector in the cases of cells 3 and 4. The collected
diffraction patterns were analyzed and reduced to integrated 2θ profiles using Fit-2D.[43,44]
These X-ray diffraction patterns (XRDP) are displayed as a function of the scattering vector
Q = 4π sin(θ)/λ.
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6 B. Haberl et al.

For cells 1 and 2, pressure was increased online to above 15 GPa using the HPCAT mem-
brane control system. This ensured full metallization of the dc-Si through complete conversion
into sh-Si. Thereby, pressure was determined using the HPCAT online ruby system and the
well-known pressure dependence of ruby,[45] while phase composition was confirmed from the
XRDPs. After full metallization, pressure was decreased using the same system with the aim
to form predominantly the bc8 and the r8 phase, respectively. In the methanol–ethanol-loaded
cell 1, (β-Sn)-Si was present down to 9.5 GPa with further decompression resulting in complete
transformation to r8-Si by 8.4 GPa. Continued unloading commenced the transition to bc8-Si at
∼ 7 GPa with the majority of r8-Si transformed at 4.6 GPa. When heating commenced, cell 1
had been unloaded to ∼ 3 GPa and the material consisted predominantly of bc8-Si. In the case
of the Ne-loaded cell 2, solely (β-Sn)-Si was present down to 11.0 GPa. Upon further decrease
to 10.4 GPa, r8-Si started to nucleate with predominantly r8-Si remaining at 8.5 GPa (a similar
pressure as observed for cell 1). Upon heating, this cell had been settled at ∼ 10 GPa yielding
predominantly r8-Si.3

Cell 3 was loaded to 18.5 GPa as determined via the ruby method using a Raman/ruby setup
(Boehler, Geophysical Laboratory) equipped with a 473 nm laser. After metallization was con-
firmed optically (sh-Si is not Raman active [46]), the cell was decompressed slowly. Thereby
the transition from metal to semiconductor (i.e. (β-Sn)-Si to r8-Si) was optically observed at
9.3 GPa, consistent with transition pressures in cells 1 and 2. Pressure was further decreased and
stabilized at 3.6 GPa. The resulting phases were probed with Raman spectroscopy using the same
Raman/ruby setup and laser. The Raman spectrum confirmed the presence of r8-Si and bc8-Si
from the main r8-peak at ∼ 350 cm−1 and main bc8-peak at ∼ 430 cm−1.[28] Although both
peaks displayed equal intensity, this does not allow conclusions about the percentages of bc8-Si
vs. r8-Si due to different scattering cross-sections of the semimetallic bc8-Si and semiconducting
r8-Si. Nonetheless, it is clear that both polymorphs were present under these conditions.

3.3. In situ heating in the DACs

The isobars and isotherms explored are summarized in Figure 2(a), with the time dependence of
the heating shown in Figure 2(b). Thereby, bc8-Si and r8-Si once formed in cells 1 and 2 were
slowly heated using the external resistive heating to 200◦C and 257◦C, respectively. During
the heating, pressure was monitored (and if necessary adjusted using the membrane) also with
the HPCAT online ruby system employing additionally the ruby temperature corrections.[47]
In the bc8-Si case (cell 1), the pressure drifted up to ∼ 4 GPa and then appeared to cycle by
±0.3 GPa. In the r8-Si case (cell 2), the pressure similarly cycled between 9.8 and 11.0 GPa as
long as the r8-Si remained present. After heating cell 1 for 2 h at 200◦C, pressure was again
increased to 19 GPa. During this pressure increase, the temperature drifted up to 214◦C.

In the case of cell 3, the mixture of bc8-Si and r8-Si was laser heated with a ytterbium fiber
laser (λ = 1070 nm, TEM00 mode, CW, IPG-Photonics) defocused to 0.5 W until melting of the
Ar pressure medium occurred. This was confirmed visually using the laser speckle method.[48]
At a pressure of 3.6 GPa, this corresponds to a temperature of 230◦C.[49] Thus, the Si was
heated, somewhat indirectly, by the surrounding liquid Ar to this same temperature. The Si was
kept at 230◦C for 6 min, then the laser was turned off to stop heating immediately. Thereafter,
the phase composition was again investigated using Raman, but only hd-Si and/or nanocrys-
talline dc-Si was detected (both are almost indistinguishable by Raman [23]). To fully probe for
the phase composition, cell 3 was hence investigated further using synchrotron X-ray radiation.
However, the Ar used in this cell as pressure medium and temperature marker is frozen [49] at
these conditions (3.6 GPa, 23◦C). This results in strong Ar peaks overlapping with the Si peaks of
interest. Therefore, the same phase composition as present prior to heating was also created in an
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Figure 2. (Color online) Heating conditions for the three heated cells depicted as temperature vs. (a) pressure and (b)
time.

additional cell (cell 4) but with Ne as pressure medium (which does not freeze until higher pres-
sures). To ensure the same phase composition, cell 4 was also manually compressed to 19.8 GPa
resulting in pure sh-Si and then slowly decompressed to 3.5 GPa. In this case, pressure was mon-
itored using the HCPAT offline Raman kit and phase composition was confirmed using XRDPs.
Thus, the Si polymorphs present in cell 4 provide a reference for the heated polymorphs in cell 3.

4. Results

4.1. Annealing of the bc8/r8 mixture made by point loading

A typical Raman spectrum of an annealed (200◦C) bc8/r8-Si mixture made by point loading is
shown in Figure 3(a). Some signature of bc8/r8-Si [28] remains as indicated in the graph. The
majority of the initial bc8/r8-Si mixture, however, has transformed to a new phase as indicated
by the Raman bands at ∼ 202, ∼ 333, ∼ 478 and possibly ∼ 500 cm−1. The first three bands
represent the unidentified phase Si-XIII,[9,10] but the band at ∼ 500 cm−1 may be attributed to
either hd-Si or Si-XIII.[9,10] This indent was prepared for XTEM and the resulting SAEDP is
shown in Figure 3(b). In addition to polycrystalline rings representing dc-Si, a row of diffraction
spots (indicated by yellow arrows) with an interatomic d-spacing of 5.6 ± 0.1 Å is observed. This
does not correspond to any known Si polymorph, and it is thus clear that Si-XIII is also observed
by SAEDP. An example of an SAEDP from an indent prepared in plan-view geometry is shown in
Figure 3(c). As in the XTEM case, rows of diffraction spots (indicated by green and red arrows)
are seen. Their interatomic spacing is 4.8 ± 0.1 and 4.4 ± 0.1 Å, which also does not match any
known Si phase. The angles of 63◦ and 54◦ between these planes are also indicated. This latter
SAEDP is captured from one single crystal, consistent with dark-field imaging performed in this
case (not shown). Thereby, only one crystal was illuminated when either the 4.8/4.4 Å spots was
used to form an image. Note that several XTEM and plan-view indents were investigated and
these same d-spacings were repeatably observed. Some directional preference seems to exist,
however, since the 5.6 ± 0.1 Å spacing was never observed in plan-view samples.

Although Si-XIII is kinetically stable once formed in residual indent impressions ( ∼ 1 week
at 200◦C [10]), it is not kinetically stable in TEM sections. Firstly, it has been shown that only
TEM sections of sufficient thicknesses contain Si-XIII.[9] Moreover, when investigated with
the electron beam, Si-XIII anneals to dc-Si within minutes. Finally, even if not exposed to the
electron beam, Si-XIII in thinned sections remains kinetically stable only for ∼ 1 week at room
temperature before it is fully transformed to dc-Si. In combination with the small crystal size of
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Figure 3. (Color online) (a) Raman spectrum of annealed bc8/r8-Si made by point loading (solid line) with the pristine
dc-Si as background (dotted line). The peaks associated with the known different metastable Si polymorphs are indicated.
SAEDPs taken from (b) this annealed phase transformed area in a cross-sectional geometry and (c) a different area in
plan-view geometry. The rows of diffraction spots that correspond to d-spacings not matching any known Si polymorph
are indicated by arrows. In (c) several rows corresponding to these d-spacings are seen and the angle measured between
these lattice planes are also indicated.

∼ 10–30 nm,[28] this prohibits any further investigation by TEM. Note, however, that the for-
mation of pure dc-Si under these conditions indicates that Si-XIII is indeed a pure Si polymorph
itself.

4.2. Annealing in a DAC

XRD data from cell 1 containing predominantly bc8-Si are shown in Figure 4(a). This material
was thermally annealed at the constant pressure of ∼ 4 GPa to 200◦C. At 133◦C two new peaks
appear in the integrated XRDP as indicated by arrows. The d-spacings of the two unknown
peaks were determined from peak fitting to 2.394 ± 0.001 and 2.113 ± 0.001 Å. Although the
transient nature of these peaks suggests they are not due to contamination, investigation of the
2D XRDP taken at 133◦C shown in Figure 4(b) confirmed that they are Si peaks. The bc8-Si
rings (in red) are indexed after Table 2. A distinct shoulder on the (211) ring is attributed to the
presence of small volumes of r8-Si. Interestingly, the unknown peaks clearly arise from powder
diffraction and the rings are indicated (in green) in the figure. This strongly suggests that these
peaks do indeed correspond to another Si polymorph. However, upon further heating to ∼ 140◦C
they disappeared, and hd-Si was observed to form. Upon further heating almost all material had
transformed to hd-Si at ∼ 200◦C. The cell was kept at this temperature for another 120 min
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Figure 4. (Color online) (a) Integrated XRDP of the evolution of bc8-Si under thermal annealing at 3 GPa in cell 1. The
room temperature bc8-Si and the final hd polymorph at 200◦C are indexed. For increasing annealing temperatures, the
spectra are offset for clarity. Between 130◦C and 140◦C unidentified peaks appear as indicated. (b) A full 2D diffraction
pattern of the spectrum at 133◦C with the powder rings responsible for these two unknown peaks indicated by their
d-spacing.
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Figure 5. (Color online) Integrated XRDP of hd-Si pressurized at ∼ 215◦C. The hd-Si and sh-Si are indexed and the
r8-Si component is indicated by bold arrows.

(Figure 5) and no further change was observed. Note that the r8-Si (201̄) and bc8-Si (211) peaks
overlap and thus the remaining material that is not transformed to hd-Si is attributed to r8-Si.

To investigate the transition pathway of hd-Si on compression, cell 1 was re-pressurized to
19 GPa at a constant temperature of ∼ 200◦C. The resulting XRDPs are shown in Figure 5. The
XRDP at 4 GPa represents the same material as shown in Figure 4(a) at 200◦C, but after anneal-
ing continuously for 120 min at this temperature. Clearly, this annealing made no difference to
the hd-Si nor the r8-Si component. Upon increasing pressure to 11.3 GPa, no metallization had
occurred yet and the hd-Si and r8-Si remained essentially unchanged. Upon further compression
to ∼ 19 GPa, formation of a metallic phase occurred. In this particular case, the formation of
nucleation seeds of the metallic phase could be clearly observed optically within the semicon-
ducting matrix. These seeds grew until the entire Si material was metallized after ∼ 10 mins. The
XRDP taken after this full metallization confirms the sole presence of the metallic sh-Si.
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Figure 6. (Color online) (a) Integrated XRDP of the evolution of r8-Si under thermal annealing at ∼ 10 GPa in cell
2. The room temperature r8-Si and the final dc-Si at 257◦C are indexed together with the presence of (β-Sn)-Si. For
increasing annealing temperatures, the spectra are of-set for clarity. (b) Development of the peak width with temperature
of the convoluted 21̄1̄/201̄ and the 01̄1̄ r8 peaks. The widths are extracted from peak fitting with Gaussians and are
shown together with polynomial fits to the data.
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Figure 7. (Color online) Integrated XRD spectra of bc8- and r8-Si laser heated at 230◦C for 6 min at 3.6 GPa (after
heating). For comparison, unheated material at 3.5 GPa is also shown (unheated). The hd, bc8 and (β-Sn) polymorphs
are indexed and the r8-Si component is indicated by bold arrows.

Cell 2, which contained r8-Si with some (β-Sn)-Si, was heated to 257◦C at the constant
pressure of ∼ 10 GPa and the resulting XRDPs are shown in Figure 6(a). Up to 252◦C no
phase transitions are observed and instead the r8-Si peaks sharpen. This sharpening is shown
in Figure 6(b) for the example of the first dominant set of r8-Si peaks. The peaks were fitted
with Gaussians using Origin.[38] Upon further heating to above 252◦C a sudden transition to
dc-Si occurred. This was accompanied by a sudden pressure increase of ∼ 1 GPa attributed to
the ∼ 9% volume increase from r8-Si to dc-Si. This also resulted in a small increase in volume of
(β-Sn)-Si. Since the pressure in the DAC was at 12.2 GPa, the dc-Si peaks are shifted to higher
Q-values (and thus smaller d-spacings) compared to the ambient pressure values in Table 2.
Furthermore, the dc-Si rings appeared very spotty in the 2D XRDP (not shown) suggesting that
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High Pressure Research 11

large crystals nucleated very suddenly from r8-Si at this temperature. No evidence of any other
intermediate phases was detected.

As shown in Figure 2(b), the external resistive heating in the above cases always required
a time of several hours that was accompanied by a continuous up-drift in pressure. It may be
expected that this would influence nucleation kinetics. Therefore, in a final heating experiment
laser heating was performed at 3.6 GPa. Such laser-heating results in near instantaneous heating
of the Si material at truly constant pressure and can thus provide different insights compared to
the ex situ heating. Therefore, the metastable Si polymorphs heated to 230◦C for 6 min at 3.6 GPa
are shown together with a reference XRDP of unheated material at 3.5 GPa in Figure 7. Both
XRDPs indicate the presence of a remanent of (β-Sn)-Si together with metastable phases. In the
unheated case, predominantly bc8-Si appears present with a component of r8-Si as indicated by
bold arrows. Laser heating appears to transform this bc8-Si into hd-Si within 6 min of heating,
but the r8-Si remains. Note that this r8-Si component was not observed by Raman spectroscopy.

5. Discussion

5.1. Influence of hydrostaticity on the formation of the bc8 and r8 polymorphs

Before considering the thermal evolution of the bc8 and r8 phases made in a DAC, let us compare
first our observed transition pressures on loading and unloading at room temperature to those
reported in the literature. Two examples employing different pressure media (methanol–ethanol
and neon) will be discussed.

For unloading from metallic Si, Piltz et al.[7] report the formation of r8-Si at ∼ 9 GPa (when
using methanol–ethanol). This appears consistent with our observation of a sharp transition of
(β-Sn)-Si to r8-Si between 9.5 and 8.4 GPa in the methanol–ethanol-loaded cell 1. In contrast,
the formation of r8-Si in the Ne-loaded cell 2 commences at the somewhat higher pressure of
∼ 10.4 GPa. (Almost) full transformation to r8-Si, however, is not achieved until 8.4 GPa, sim-
ilar to the methanol–ethanol case. The formation of r8-Si at this relatively high pressure may
be attributed to the low shear resulting from Ne as pressure medium compared to methanol–
ethanol.[41] The previous study also reported 2.8 GPa as the pressure for the reversible transition
between bc8-Si and r8-Si.[7] This pressure appears considerably higher in our case, where bc8-
Si commences to form at 6.3 GPa. Since the same experimental conditions as in [7] are used, the
reason for this higher pressure in our study is unclear.

The implications of different degrees of hydrostaticity on the phases in the metallic regime
may, however, be more interesting. Although both pressure media are similarly hydrostatic in the
regime used for thermal annealing ( ≤ 11 GPa), they are not similarly hydrostatic in the metallic
(β-Sn)-Si regime ( ≥ 11 GPa).[41] While the Ne (albeit frozen) remains quasi-hydrostatic, the
frozen methanol–ethanol induces significant strain above ∼ 11 GPa.[41] This results in structural
differences in the (β-Sn)-Si formed4 which may also influence the structure of the r8-Si and bc8-
Si formed on pressure release. Thus, although we note that both pressure media are hydrostatic
in the metastable regime, the resultant phases may still differ as their respective (β-Sn) parent
phases may not be identical in nature.

5.2. Metallization of hexagonal diamond Si

Our study shows that upon compression to 11.3 GPa at ∼ 200◦C hd-Si remains kinetically stable.
Only upon further compression does this polymorph metallize, in our case into sh-Si at 19 GPa.
No reports exist in the literature on the metallization of hd-Si upon compression, and it remains
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12 B. Haberl et al.

unconfirmed whether it transforms into (β-Sn)-Si or directly into sh-Si. It is, however, interesting
to compare its metallization to that of r8-Si and dc-Si.

The data presented in this current study show that at elevated temperatures r8-Si transforms
into (β-Sn)-Si below 11 GPa. Thus, hd-Si (that is unchanged at 11.3 GPa at ∼ 200◦C) exhibits a
larger kinetic stability against metallization than r8-Si. This may be attributed to the fact that hd-
Si possesses the same tetrahedral bonding as dc-Si (i.e. a lonsdaleite or wurtzite-type structure
with consequently the same perfect tetrahedral bond angle, same ideal Si-Si bond length and
same mass density [2]). This is different for r8-Si with its strained bond angle and bond length
and increased mass density.[7]

No data on the metallization of dc-Si at elevated temperature were obtained in this current
study. However, the onset of the formation of (β-Sn)-Si from dc-Si does not vary with room
temperature (only the coexistence regime of dc-Si and (β-Sn)-Si does).[50] Thus, comparison
of the metallization of our hd-Si at ∼ 200◦C to that of dc-Si at room temperature is warranted
if the same pressure medium is used. No comparison with the metallization of dc-Si from the
same experimental run (cell 1) is possible, since no data ware taken for this case (attaching the
membrane increased pressure and resulted in full metallization). The literature, however, reports
the pressure of the transformation of dc-Si into (β-Sn)-Si as ranging from 10.3 [6] to 11.7 GPa
[25] when methanol–ethanol was used. It thus appears that hd-Si does not metallize at lower
pressures than dc-Si.

5.3. Thermal evolution of the bc8 and r8 polymorphs in a DAC

Previous experiments at ambient pressure reported the formation of hd-Si from bc8-Si at
200◦C.[2,4] In the present study, this same transition was also observed at 4 GPa but commencing
at the lower temperature of 140◦C. This indicates that the transition temperature for the bc8-Si
to hd-Si transition decreases with increasing pressure. This is consistent with a literature report
[2] of a lower transition temperature at higher pressures for bc8-Si. Furthermore, the transition
between bc8-Si and hd-Si occurs very fast as shown by our laser-heating experiment. Both these
observations suggest a well-defined, distinct boundary for the irreversible transition from bc8-Si
to hd-Si.

Intriguingly, prior to the formation of the hd structure, an additional intermediate phase appears
to form between 130◦C and 140◦C. This phase was not observed upon laser heating for 6 min.
Since this phase may be related to the Si-XIII structure formed upon bc8/r8-Si made by point
loading, it will be discussed in more detail in Section 5.4.

It is noted that no annealing studies of r8-Si have been performed previously. Our results
show that r8-Si is more stable at elevated temperatures than bc8-Si and (at around 10 GPa) it
transforms directly to dc-Si. Furthermore, upon annealing a significant sharpening of the r8-Si
peaks was observed. This may suggest a growth in crystal size. (Relaxation of stress, which could
also explain this observation, appears less likely since the r8-Si formed under quasi-hydrostatic
conditions.) Such behavior was not observed for bc8-Si. Moreover, the transition to dc-Si is
surprisingly abrupt (within 5◦C only) and not much dc-Si was observed prior to this transition.
Therefore, this may suggest a strong kinetic energy barrier between r8-Si and dc-Si.

5.4. Formation of the Si-XIII polymorph

The Si-XIII phase forms as an intermediate phase on the path to dc-Si if bc8/r8-Si is made
by point loading. In this current study, d-spacings that cannot be matched to any other known
polymorph of Si were observed for Si-XIII made by point loading. A recent theoretical study
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High Pressure Research 13

using particle swarm optimization methods presented a tetragonal structure as a solution of Si-
XIII.[51] This proposed structure, however, does not exhibit all the known Si-XIII Raman bands
and, furthermore, does not correspond to the electron diffraction data presented here. Thus, the
Raman spectroscopy and electron diffraction conducted in the current study both confirm that an
unidentified phase, Si-XIII, exists, but its structure remains elusive.

Nevertheless, it is interesting to consider the insights obtained on the formation of Si-XIII from
bc8/r8-Si made via point loading in more depth. Firstly, the bc8/r8-Si made by point loading
acts like a single phase since the entire bc8/r8-Si phase mixture transforms fully into another
phase, that is, Si-XIII, upon thermal heating. In contrast, in a DAC, the bc8-Si component always
transformed into hd-Si and the r8-Si component into dc-Si. This may suggest that bc8/r8-Si is
one single hybrid phase that can only be formed by point loading instead of a true mixture of
bc8-Si and r8-Si as formed in a DAC.

Furthermore, this current study shows the presence of considerable preferential orientation in
the Si-XIII formed. This can be expected to arise from the nature of the bc8/r8-Si that is created
by point loading. This is also clearly different to our DAC cases where non-preferential powder
was used.

Additionally, the geometry of the transformed zone created by point loading results in a direc-
tion of non-confinement, that is, the surface. This allows for the formation of a phase of lower
density than bc8/r8-Si or dc-Si. In contrast, the tendency of DACs to increase pressure upon
heating inhibits such a volume increase necessary for the formation of a lower density phase. If
Si-XIII is such a lower density phase, this could prevent its formation in DACs, but favor other
intermediate phases, namely hd-Si.

Finally, the fact that Si-XIII is not readily observed upon annealing of bc8-Si made in a
DAC,[32] but only upon annealing of bc8/r8-Si made via point loading,[9,10,32] has previ-
ously been attributed to differences in residual stresses.[32] Transformed volumes made by point
loading can contain a certain degree of residual stresses. In the present case, this has been esti-
mated to be ∼ 1 GPa.[10] It was thus speculated that these high residual stresses give rise to
the formation of Si-XIII on annealing. Our observations of Si-XIII instability following TEM
sample preparation would seem consistent with this scenario. Namely, Si-XIII confined within
a Si matrix appears metastable ‘indefinitely’, but once the material is thinned (which results in
relieving of residual stresses), the lifetime is decreased to less than 1 week. It is therefore quite
possible that Si-XIII can only form at pressures above ∼ 1 GPa from bc8/r8-Si.

In the case of in situ DAC annealing, the appearance of the two unknown peaks at 133◦C
between bc8-Si at lower temperatures and hd-Si at higher temperatures (Figure 4) may be related
to Si-XIII. The XRD peaks at 2.394 ± 0.001 and 2.113 ± 0.001 Å could match the 4.8 ± 0.1
and 4.4 ± 0.1 Å measured by electron diffraction as second-order (Si-XIII) planes (considering
the large error in SAEDP analysis and higher pressure in the DAC case).5 The XRD data are,
however, not sufficient to speculate further on this.

Thus, many open questions remain about this intriguing polymorph. Foremost, its exact struc-
ture still remains unresolved. Additionally, it is unclear why it can be easily formed from the
bc8/r8-Si made by point loading, and not readily from bc8-Si or r8-Si made in a DAC. It is there-
fore at the current stage not possible to determine the metastability regime of Si-XIII with any
certainty.

5.5. Stability regimes of the metastable phases

The pressure and temperature dependence of the formation of the other metastable Si phases
can be represented by their (meta-)stability regimes. Although such a plot may resemble a phase
diagram, it should not be construed as such, since the only truly stable phases in the regimes
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Figure 8. (Color online) Diagram of the transitions pathways in the metastability regimes of the (a) bc8 and r8 poly-
morphs and (c) the hd polymorph. The irreversibility and reversibility of these transitions are indicated by single-sided
and double-sided arrows, respectively. Data points from our observations and literature are depicted with open and closed
circles, respectively. Solid lines indicate now identified dP/dT slopes in this diagram, whereas dashed lines are sugges-
tions for less well-identified dP/dT slopes. The absence of lines indicates transition boundaries where no dP/dT slopes
can be defined. For further details refer to text.

considered here are dc-Si, (β-Sn)-Si and sh-Si. Instead, such a diagram represents the transition
pathways that can lead to the different polymorphs. Our investigation of the metastable phases of
Si yields a number of important insights for such a diagram. The suggested transition pathways
and (meta-)stability regimes are summarized for bc8-Si and r8-Si in Figure 8(a) and for hd-Si in
Figure 8(b). Based on our new data and the literature, a number of previously unknown slopes
of ‘pathway boundaries’ can now be determined.6

Let us consider the metastability regime of the bc8 polymorph first. Firstly, the formation
of hd-Si from bc8-Si at ∼ 140◦C and 4 GPa (when the same transition occurs at ∼ 200◦C at
ambient pressures [2,4]) indicates a negative dP/dT slope for the irreversible bc8-Si to hd-Si
transition. Matters are less clear for the reversible bc8-r8 transition. Although r8-Si is solely
present above ∼ 6 GPa, it remains unknown if decompression can yield pure bc8-Si and in our
study a remanent of r8-Si was always observed. This is consistent with the literature where the
presence of r8-Si has been noted upon full decompression using XRDP [7] and Raman (albeit
not identified as r8-Si at the time).[52] Indeed, Piltz et al.report that heating to 100◦C did reduce
the r8-component.[7] Although moderate heating directly below the bc8-hd transition boundary
may conceivably yield pure bc8-Si, this has not been observed experimentally. Furthermore, this
coexistence clearly prevents a definition of the dP/dT slope for the reversible bc8-r8 transition.

The metastability regime of r8-Si is discussed next. Our data clearly demonstrate that r8-Si
can exist as the sole metastable phase in a relatively large regime. Indeed, an increased kinetic
stability over bc8-Si with respect to temperature has been demonstrated at pressures as low
as 3.6 GPa and as high as 10 GPa. Furthermore, knowledge about some of the dP/dT slopes
has been gained. For r8-Si four slopes/transition pathways exist, metallization under compres-
sion, transitions upon heating and transitions upon decompression above and within the bc8-Si
metastability field. Firstly, our observation of predominantly r8-Si with a small component of
(β-Sn)-Si below 10 GPa at ambient temperature and the same at 11 GPa at ∼ 250◦C indicates
a positive dP/dT slope for the reversible r8-Si to (β-Sn)-Si transition. Secondly, the observed
nucleation of dc-Si from r8-Si at 10 GPa and ∼ 255◦C without any hint of hd-Si may suggest
that r8-Si always transforms to dc-Si upon heating. Our data, however, cannot fully exclude that
a regime at lower pressure may exist where r8-Si can also transform into hd-Si upon heating.
Equally, it is not entirely clear if r8-Si transforms into hd-Si or dc-Si upon decompression above
the bc8-Si metastability regime (i.e. above 140◦C). Hence, these dP/dT slopes remain unde-
termined. Nonetheless, it is clear that, unsurprisingly, compression of hd-Si does not result in
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High Pressure Research 15

transformation to r8-Si. Therefore, any r8-hd transition is, identically to the bc8-hd transition,
irreversible.

Finally, our compression experiment of hd-Si at ∼ 200◦C also yields insight into the metasta-
bility regime of this polymorph. Based on the nucleation of metallic Si (sh-Si) at 19 GPa together
with the previously reported temperature of the hd-Si to dc-Si transition of ∼ 750◦C at ambient
pressure,[31] our data clearly indicate a negative dP/dT slope for the irreversible hd-Si to dc-Si
transition. The dP/dT slope of the hd-Si to (β-Sn)-Si transition is less clear. It appears unlikely,
however, that hd-Si transforms to (β-Sn)-Si at a significantly lower pressure than dc-Si. Hence
no temperature dependence (i.e. akin to dc-Si) or a negative dP/dT slope can be assumed for this
irreversible transition.

Many open questions remain. For example, in our experiments it was difficult to control
decompression at elevated temperatures, which is necessary to investigate the r8-Si stability
further. This may be overcome through the use of the newly developed dynamic compression
setup utilizing two membranes.[53] Similarly, the exploration of the hd–dc transition boundary
requires heating that is high for resistive heating and too low for laser heating. Intriguingly,
it may be possible to explore these transition pathways and dP/dT slopes on a related sys-
tem, that is, germanium, where the same pathways can be observed, but at significantly lower
temperature.[53] Study of this analogous system could thus answer many open questions also
about Si.

5.6. Stability of the r8 polymorph

The observations made here are important for potential applications of the r8 phase. As detailed
above, r8-Si may possess highly desirable properties for photovoltaic [14] and other applications
[12] and its stability is therefore relevant. Therefore, implications from the metastability regime
determined from our DAC studies are considered first, before the potential for exploitations of
this phase is discussed.

In our DAC study, no evidence for a thermal instability of r8-Si prior to its transition to dc-
Si can be detected. Namely, upon heating the r8 crystals do not commence to decompose, but
instead grow in size. Furthermore, the constant presence of similar volumes of r8-Si and (β-Sn)-
Si upon heating is reminiscent of the phase boundary between two stable phases. Finally, the
abrupt transition between r8-Si and dc-Si indicates a very strong kinetic barrier between these
phases. All these observations suggest that in its metastability regime, r8-Si acts more like a truly
stable structure rather than a metastable one.

The transition pathways depicted in Figure 8 for DAC (de)compression appear to suggest,
however, that pure r8-Si cannot be stabilized at pressures below ∼ 3 GPa in a DAC upon decom-
pression at room temperature. From the metastability regime shown in Figure 8(a), variation of
temperature suggests further possibilities. Firstly, r8-Si could be maintained at lower pressures
provided temperature is lowered sufficiently.7 Similarly, r8-Si could exist at lower pressures, if
temperature during decompression from the r8-Si metastability regime is increased to above the
bc8-Si metastability regime (i.e. above 150◦C).

For applications, it would be advantageous, however, to lower these pressures to true ambient.
Indeed, point loading experiments have reported predominantly r8-Si metastable at ‘ambient’
pressure [12] albeit confined in an indent volume with a residual stress of ∼ 1 GPa. Such volumes
of bc8/r8-Si can be exploited, for example, for maskless nanoscale patterning [30] or writing of
electrically conductive and insulating zones.[29] As stated previously, the exact nature of this
mixture of bc8/r8-Si is unknown, but it would be clearly beneficial to increase the r8-Si content.
This could conceivably be achieved through doping. For example, doping the original parent
dc-Si structure with germanium is promising since for Ge the bc8-r8 transition occurs as low as
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0.5 GPa.[53] Indeed, transformed volumes of Ge made by point loading consist almost entirely
of r8-Ge.[56] It thus appears clearly possible that sufficient r8-Si may be stabilized at pressures
low enough to be exploited in a technological manner.

6. Conclusion

This current study presents interesting insights into the regime of metastable Si phases. Our find-
ings allow for the construction of diagrams of the metastability regimes of bc8-Si, r8-Si and also
hd-Si. These suggest negative dP/dT slopes for most irreversible transitions (bc8-Si to hd-Si,
hd-Si to dc-Si, possibly also hd-Si to metallic Si, r8-Si to hd-Si and r8-Si to hd-Si or dc-Si) and
a positive dP/dT for the reversible r8-Si to (β-Sn)-Si transition. Moreover, a relatively large
regime in which pure r8-Si is stable can be identified. This latter finding may also become rele-
vant for any potential application of this polymorph. Furthermore, we confirm that if a bc8/r8-Si
mixture is made by point loading, thermal annealing results in a new phase, Si-XIII. This phase
exhibits d-spacings that cannot be attributed to any known or postulated phase and its structure
thus remains undetermined. This situation is different if the bc8 and r8 polymorphs are annealed
in situ in a DAC. In the case of bc8-Si, hd-Si is formed at lower temperatures than observed
at ambient pressure. A hint of an additional intermediate phase is observed which appears to
form prior to the transition to hd-Si. Compression of this hd-Si at elevated temperature reveals
an onset of metallization pressure for hd-Si at least as high as that of dc-Si. Furthermore, it was
found that r8-Si transforms directly to dc-Si in a DAC at a critical temperature of 255◦C. Finally,
the thermal stability of bc8/r8-Si made by point loading ( ∼ 200◦C at ambient pressure) is encour-
aging for exploitation as it has previously been found to exhibit interesting semiconducting
properties.
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Notes

1. Note that traditionally these different Si polymorphs are often denoted by Roman numbers (Si-I, Si-II, Si-III, etc.).
In this work, we used the alternative denomination of a phase by its structural description (dc-Si, (β-Sn)-Si, bc8-
Si, etc.) instead for two reasons. Firstly, none of the predicted phases are included within this numbering system,
and secondly, denomination by structural description simplifies the comparison with other elements that possess
structurally equivalent polymorphs such as germanium.

2. Note that the exact nature of the polymorph(s) obtained via such point loading is ambiguous. Namely, the exact
ratio of the phases in the transformed volume is not known and it may even be possible that a hybrid mixed bc8/r8
phase is formed. The phases(s) made by point loading will therefore be referred to as bc8/r8-Si henceforth.

3. Note that in both cases, pressure was cycled by a few GPa to achieve the desired phase composition and stabilize
the cells.

4. The (200) (β-Sn) peak is sharper in the Ne cell 2 compared to the methanol–ethanol cell 1, presumably due to strain
in the latter case. Additionally, comparison of two cases where the (200) (β-Sn) peaks are at the same Q reveals a
(101) peak shifted to a slightly lower Q for the Ne cell suggesting a slightly larger c/a ratio in this case.

5. Note that all peaks from allowed reflections have full intensity in electron diffraction, making them readily observ-
able but that the same reflections can have low intensity in XRD. Hence the absence of peaks at 5.6 ± 0.1 Å,
4.8 ± 0.1 Å and 4.4 ± 0.1 Å in the XRD data could be attributed to these differences.

6. Note that Figure 8(a) does not consider bc8/r8-Si made from point loading that leads to Si-XIII.
7. Note that such cooling has to take place once r8-Si has already formed from (β-Sn)-Si because decompression from

the metallic regime at low temperatures to pressures below 2 GPa does not result in r8-Si, but in (β-Sn)-Si followed
by amorphization upon heating to ambient temperature.[54,55]
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